Abstract: Locally increased porosity of carbonate reservoir rocks may result from acidic fluids that migrated as a pre-oil phase through the reservoir. Here, hydrogeochemical modelling, which is based on the principles of chemical equilibrium thermodynamics, is performed to test such a hypothetical concept. Despite the generic nature of the model, the modelling results give basic and quantitative insights into the mechanisms of calcite dissolution in carbonate reservoirs induced by migrating acidic and corrosive aqueous fluids.
The hypothetical process
Increased porosity of carbonate reservoir rocks may or may not be interpreted as a result of late diagenetic calcite dissolution caused by acidic fluids that migrated through the reservoir immediately before or during migration of the actual oil phase (see Lambert et al. 2006; Ehrenberg et al. 2012) . Acidic components of such corrosive fluids (carbonic acid and carboxylic acids) can be generated during early kerogen maturation in source rocks (Barth & Bjørlykke 1993; Seewald 2003) , but also by oil degradation (hydrolytic disproportionation: Helgeson et al. 1993; Pokrovskii & Helgeson 1994; Seewald 2003) .
Acidic, corrosive and aqueous oil-/gas-bearing fluids (ACF) are generated within siliciclastic source rocks, and, subsequently, are expelled before and in front of a migrating oil-dominated phase. Once expelled, such ACF migrate from the source rock into and through the reservoir. The expelled fluids change their composition from initially water-and gas-dominated fluids to later oil-dominated fluids over the course of time. Along their migration path through carbonate reservoir rocks following a decreasing pressure and temperature regime, ACF can cause calcite dissolution and create secondary porosity due to their corrosive character, provided that the ACF are still undersaturated with respect to calcite when arriving at and migrating though the reservoir. The mass-action law constants for the equilibrium reactions between ACF, calcite and CO 2(g) depend on temperature and pressure, and, therefore, change along this migration path. As a result, the overall effect of decreasing temperature and pressure on the equilibrium constants of all coupled reactions between aqueous, gaseous and solid species may lead to an increasing solubility of calcite, and, consequently, to continuous calcite dissolution along the migration path of ACF.
Motivation and aim
The development of a hydrogeochemical modelling approach presented in this contribution was encouraged by a hypothetical concept about dissolution of micritic calcite in Middle Eastern oil fields (Ehrenberg et al. 2012) and by the conclusions drawn by Ehrenberg et al. (2012) . Ehrenberg et al. (2012, p. 227) stated that: (1) 'diagenetic reactions must be constrained geochemically'; and (2) that 'the theory that dissolution by acid pore water has produced significant net increases in bulk porosity has not been supported by models of mineral solubility and fluid flow'.
The hydrogeochemical, one-dimensional reactive mass transport (1DRT) modelling presented here aims to test whether such a hypothetical concept about porosity creation in carbonate reservoirs is tenable with regard to the thermodynamics of chemical equilibrium and the principles of reactive mass transport. Our modelling is of generic nature, and ignores any absolute spatial and temporal attributes of mass transport. Thus, the aim of this study is neither to reproduce reactive mass transport processes nor to predict their effects on the spatial and temporal distribution of calcite dissolution and corresponding porosity creation on a reservoir scale (e.g. Melville et al. 2004) .
Such 1DRT calculations link 1D, purely advective porewater flow with the equilibrium thermodynamics of simultaneous chemical water-rock-gas interactions. Thereby, the presented modelling approach aims to test whether porosity creation by pre-oil-charging in principle can result from long-term migration of source-rock-derived corrosive aqueous fluids through carbonate reservoirs under predefined conditions. If so, the modelling results aim to give basic and quantitative insights into the reasons and mechanisms for potential in-reservoir calcite dissolution induced by migrating ACF. The modelling results may stimulate the geological discussion about this issue (see Lambert et al. 2006; Ehrenberg et al. 2012) with quantitative, plausible and verifiable arguments.
In addition to this 1DRT modelling, hydrogeochemical '0D' batch modelling was performed in order: (1) to reproduce the compositional evolution of aqueous fluids (ACF) driven by the chemical products of kerogen maturation in siliciclastic source rocks; and (2) to calculate and evaluate the effects of pressure and temperature conditions on the solubility equilibration between calcite, coexisting ACF-dominated aqueous solutions and CO 2 -bearing gas.
We are aware that many issues related to flow and reactive mass transport in fractured, porous media (e.g. carbonate reservoir rocks) still 'remain at the frontier of research' (Berkowitz 2002; p. 878) . Among other transport phenomena, reservoir rock dispersivity is a factor that needs an adequate characterization based on field data. Because of their generic nature, our 1DRT models consider simple and well-defined initial and boundary conditions for advective and reactive transport. These assumed conditions and parameter values may not reflect geological reality since quantitative data are unavailable. Nevertheless, several controlling factors remain unconsidered by our modelling: (1) the effects of calcite dissolution kinetics; (2) different types of porosity and carbonate minerals, such as high-and low-Mg-calcite, aragonite or dolomite instead of pure calcite (CaCO = Ca + CO : s 3 s/calcite a 3 2 2 ( ) + − K ); (3) different types of fractured and porous carbonate rock matrices; and (4) predefined temperature-pressure gradients differing from those applied by our modelling.
Conceptual models and modelling scenarios

Hydrogeochemical modelling of processes in source rocks
Generation of aqueous gas-bearing fluids with acidic and corrosive character (ACF)
Detailed field data about the composition of ACF in source rocks that are exposed to early kerogen maturation are lacking. Therefore, our modelling approach starts with one simple hydrogeochemical '0D' batch model (Table 1) and calculates the generic composition of ACF produced within the source rock. In addition, this batch modelling aims to conceptually reproduce the chemical interactions between the early products of kerogen maturation (KMP), an aqueous, sodium chloride-dominated solution and a generic siliciclastic source rock. These chemical interactions, which are driven by the release of KMP, lead to the formation of thermodynamically defined generic ACF compositions. Conceptually, the products of early kerogen maturation and also of oil degradation control the release of CH 4 , CO 2 , H 2 and carbonic acids (Seewald 2003) . Therefore, and for the sake of simplicity, kerogen maturation is simulated by adding its products CH 4 , CO 2 , H 2 and acetic acid into the batch modelling reactor. In this study, their initial relative production ratios are set to 1.9 (for CO 2 ), 0.9 (for CH 4 ), 5.0 (for H 2 ) and 0.1 (for acetic acid : Seewald 2003; Helgeson et al. 2009; van Berk et al. 2009 ); molecular hydrogen and carbon dioxide will subsequently react to form additional methane. The initial ratio of CO 2 to acetic acid follows the findings of Barth & Bjørlykke (1993) . These authors performed hydrous pyrolysis experiments (280-350 °C) and found that carbon dioxide dominates over organic acids (dominantly acetic acid) as acidic products (see also Helgeson et al. 1993) . Under the predefined conditions in the '0D' batch model reactor characterizing source-rock conditions (305 atm/85 °C), these KMP dissolve in 1 l of a 1 molal (1 m) NaCl aqueous solution and drive reactions between the mineral phase assemblage (0.48 mol each of quartz and kaolinite; 0.01 mol each of calcite, anorthite, albite and K-feldspar) and an assumed potentially co-existing multicomponent gas (CH 4(g) , CO 2(g) and H 2(g) ) at a fixed total pressure of 305 atm (c. 3000 m depth under assumed hydrostatic pressure conditions). This multicomponent gas may form at saturation. Up to 10 mol of KMP are added to the aqueous solution in portions of 0.5 mol each. Based on the chemical thermodynamics of aqueous equilibrium reactions, the equilibrium species distribution and the mass conversion resulting from these interactions are calculated.
ACF saturation with respect to calcite and calculating ACF influx composition
The composition of ACF migrating into the carbonate reservoir rocks depends on the mass conversion of early kerogen maturation reflected by the amount of KMP in our batch model reactor. Such real compositional data are unavailable. To overcome this gap, sensitivity analyses were carried out by applying a broad range of KMP values in various modelling scenarios. Therefore, three similar scenarios ('2', '3' and '4': Table 1 ) were additionally performed to calculate the composition of ACF expelled from source-rock batch reactors that are exposed to 0.1, 1.0, and 10.0 mol of KMP, respectively. The compositional data of the aqueous solutions calculated by these ACF-generation scenarios '2'-'4' were used as input data to calculate the equilibrium species distribution and the mass conversion in three additional batch reactors (scenarios '5'-'7'). The only mineral being initially present in these batch reactors is calcite; quartz and kaolinite are potential secondary minerals that may form at saturation. The rationale is meant to accomplish that the ACF produced by the release of the products of kerogen maturation will equilibrate with calcite (plus potentially formed kaolinite and/or quartz), and a potentially formed multicomponent gas (CH 4(g) , CO 2(g) and H 2(g) ) at 305 atm/85 °C, before migrating into and through the carbonate reservoir rock. Such equilibration leads to the formation of ACF, which are saturated with respect to calcite (Saturation Index (SI calcite ) = 0). Table 2 presents the chemical composition of such ACF, which: (1) are exposed to various amounts of KMP; and (2) subsequently achieved their saturation with respect to calcite (scenarios '5'-'7').
Hydrogeochemical modelling of in-reservoir processes
Batch modelling: effects of pressure-temperature on the equilibrium constant of calcite and on the solubility of calcite in the ' system According to the hypothetical process (see the earlier section on 'The hypothetical process'), ACF migration through carbonate reservoir rocks proceeds along a decreasing pressure and temperature regime, and calcite may display a solubility that increases with decreasing pressure and temperature conditions. Two simple batch modelling scenarios ('8' and '9: Table 1 ) are performed to compare the effects of various pressure-temperature combinations (305 atm/85 °C v. 205 atm/55 °C) on calcite solubility in aqueous 1.0 m NaCl solutions. Both scenarios are calculated for the same pre-assigned pCO 2(g) of 10 atm. In addition, the equilibrium constants for calcite dissolution (CaCO = Ca + CO : 
One-dimensional reactive transport modelling: ACF migration through a calcite column
To investigate the effects of ACF migration on calcite dissolution along the migration path through the carbonate reservoir rock column, the 1D reactive mass transport modelling approach considers a 1D flow tube with an influx of ACF, which has achieved calcite saturation before the ACF enters the carbonate reservoir rock. Owing to the lack of field data about the ACF composition, three different generic ACF compositions (calculated in scenarios '5'-'7': results in Table 2 ) are used in the 1DRT modelling (scenarios '10'-'12': Table 1 ).
The 1D model of reactive ACF transport through the carbonate reservoir rock column considers advection as the only active hydraulic mass transport process that is coupled to simultaneous water-rock-gas interactions. Neither explicit definition of spatial (e.g. cell length) nor of temporal attributes (e.g. time step length, flow velocity) have been assigned to the cells of this 1D flow tube model. This also holds true for hydraulic parameters (e.g. hydraulic head gradient, permeability, porosity). Such a simple generic modelling approach aims to give basic and quantitative insights into the reasons and mechanisms for potential in-reservoir calcite dissolution induced by migrating ACF. In total, 10 cells (cell pore volume of 1.0 l; porosity of 10%) represent the ACF migration path through the carbonate reservoir rock column of undefined length. Advection is characterized by the 'number of pore volumes displaced' (n), which indicates how often the whole pore volume of the rock column has been displaced by the volume of ACF influx. During each time step, the inflowing ACF completely displaces the solution that filled the pore volume of the cells before. Subsequently, the chemical re-equilibration between the 'new' pore-filling solution, the mineral assemblage and the gas alters the composition of the system. Such 1DRT modelling scenarios consider a steady-state flow condition, corresponding mass fluxes, as well as a constant initial composition of the ACF influx in a generic carbonate reservoir.
A predefined P-T gradient extends over this 10-cell migration path ranging from 295 atm/82 °C (first cell: cell with ACF influx generated at 305 atm/85 °C) over 285 atm/79 °C, then 275 atm/76 °C and, finally, to 205 atm/55 °C in the last cell. This gradient generically represents a regional geothermal gradient of 0.03 °C m −1 of depth (equivalent to c. 0.1 atm of total pressure) under hydrostatic conditions.
Prior to the influx of ACF, 1.0 l of pore water fills each cell. For the sake of simplicity, this pore water is a 1 m NaCl solution, which is saturated with respect to calcite under the corresponding temperature and pressure conditions. Each cell of the reservoir rock model exclusively consists of pure calcite: 100 mol CaCO 3(s) (equivalent to 10 009 g), which is sufficient to ensure the equilibration of inflowing ACF with calcite (SI calcite = 0), even at the highest 'number of pore volumes displaced' (n = 1000). Calcite is the only primary mineral before ACF influx; quartz and kaolinite are potentially secondary minerals. In addition, a potential multicomponent gas (CH 4(g) , CO 2(g) and H 2(g) ) may form, and co-exist with the mineral assemblage and the corresponding solution after equilibration under the specified pressure and temperature conditions along the flow path.
Modelling tools
The United States Geological Survey's Phreeqc Interactive 3.1.4-8929 computer code (Parkhurst & Appelo 2013 ) is our modelling tool for the batch and the 1DRT models. Based on the chemical thermodynamics of aqueous equilibrium reactions, this tool enables us to calculate the equilibrium species distribution, mass conversion and coupled 1D-advective mass transport. In combination with its phreeqc.dat database (Parkhurst & Appelo 2013) , Phreeqc Interactive 3.1.4-8929 considers both the temperature and the pressure dependence of the mass-action law constants for the equilibrium reactions of involved aqueous, gaseous and solid species -with the exception of all acetate-bearing species and a few aqueous aluminium-and silicon-bearing species. The acetate species and their corresponding equilibrium constants are taken from the minteq.v4.dat database of Phreeqc Interactive 3.1.4-8929 and additionally defined in the input files.
Modelling results
Source-rock batch modelling
Generation of aqueous gas-bearing fluids with acidic and corrosive character (ACF)
The amount of organic carbon converted (e.g. in moles) to CO 2 , CH 4 and CH 3 COOH, and released by kerogen maturation, controls the acidity (pH, CO 2 and CH 3 COOH) produced in the source rock. At high levels of such mass conversion of organic carbon, the release of this kerogen-derived acidity causes the total consumption of the acid-neutralization capacity in a siliciclastic source rock (Fig. 1 ). This capacity is initially provided by minor amounts of calcite, anorthite, albite and K-feldspar. Equilibration between the 1 m NaCl solution and the initial mineral assemblage -without any addition of KMP (scenario '1': Fig. 1 ) -leads to a pH of 7.8. The addition of 0.5 mol KMP completely dissolves calcite, anorthite, albite and K-feldspar due to acid attack; the corresponding pH decreases to 4.9 (Fig. 1) . Feldspar dissolution drives the formation of secondary kaolinite and quartz. Owing to ongoing addition of KMP, kaolinite takes over the buffering of acidity. Slightly decreasing amounts of kaolinite and slightly increasing amounts of quartz characterize this stage of KMP addition. In parallel, resulting acidic solutions may have pH values as low as 3.1, and high concentrations of dissolved CO 2(aq) (0.28 mol kgw −1 at maximum) and acetic acid (aq) (0.65 mol kgw −1 : equivalent to c. 39 g kgw −1 at maximum). These solutions co-exist:
(1) with a strongly altered mineral assemblage within the source rock; and (2) with a gas that is dominated by methane and carbon dioxide at 85 °C and 305 atm. Under these conditions, extremely low oxygen fugacities (log fO 2(g) ) prevail in the range of −57.7 to −57.6.
ACF saturation with respect to calcite and calculation of ACF influx composition
Scenarios '5'-'7' can calculate the composition of ACF that are saturated with respect to calcite (SI calcite = 0). Conceptually, such aqueous solutions represent ACF that have achieved their calcite saturation along their P-T migration path before they enter the carbonate reservoir rock. Figure 2 presents the solubility constants for calcite calculated for various pressure-temperature conditions along a potential P-T-depth migration path of ACF through the generic carbonate reservoir rock. The results clearly indicate that the solubility constant for calcite increases with decreasing pressuretemperature conditions along such a migration path, by a factor of around 1.7 within the P-T range of 295 atm/82 °C-205 atm/55 °C.
The solubility of calcite in the system '1.0 m NaCl solution/calcite/pCO 2(g) ' at various pressure-temperature combinations Although the pressure and temperature dependence of the solubility constant of calcite (Fig. 2) is obviously of great relevance for calcite dissolution, the equilibrium constants of all other interconnected equilibrium reactions in the system 'ACF-calcite-pCO 2(g) ' exert additional influence. To evaluate the overall effect of decreasing pressure and temperature on the solubility of calcite, its solubility (mmol kgw −1 ) in aqueous, 1 m NaCl solutions that are exposed to the same pCO 2(g) of 10 atm are calculated for two different pressure-temperature combinations (305 atm/85 °C and 205 atm/55 °C). Table 3 compares these pressure-temperature effects, and highlights that significantly greater amounts of both calcite and CO 2(g) dissolved at 205 atm/55 °C until calcite saturation (23.8 mmol kgw −1 calcite) when compared to the amounts of dissolved calcite at 305 atm/85 °C (15.4 mmol kgw −1 calcite).
Modelling of 1D reactive mass transport in the reservoir
Scenarios '10'-'12' are performed to calculate the combined effects of: (1) the increasing solubility of calcite in the system '1.0 m NaCl solution-calcite-pCO 2(g) ' with decreasing pressure and temperature conditions (Table 3 ; Fig. 2) ; and (2) the advective mass transport on the amount of calcite that dissolves along an ACF migration path from high-to low-pressure and -temperature conditions. Figure 3 presents the amounts of dissolved calcite and the corresponding equilibrium-pH values for scenario '11'. This scenario considers the average intensity of ACF generation by the release of 1.0 mol KMP (0.1 and 10.0 mol in scenarios '10' and '12', respectively) and subsequent saturation of ACF with regard to calcite (SI calcite = 0) in the source rock at 305 atm/85 °C, immediately before these equilibrated ACF enter the reservoir rock and trigger following re-equilibration at 295 atm/82 °C within the reservoir. In addition, the greatest 'number of pore volumes displaced' (n = 1000) is considered. This number indicates how often the whole pore volume of the rock column has been displaced by the ACF influx. Although saturated with respect to calcite (at 305 atm/85 °C: before entering the carbonate rock column), ACF reaching the carbonate rock column at 295 atm/82 °C drive the continuous dissolution of calcite along the modelled P-T migration path -within all 10 cells of the 1DRT model (Fig. 3) . Although the amount of dissolved calcite reaches its maximum within the first cell (3295 g cell −1 ), the ACF leaving the first cell and filling the second cell drive calcite dissolution and consume 506 g calcite within the second cell at 285 atm/79 °C. Further ACF migration into higher levels of the reservoir at lower pressure and temperature conditions (e.g. 275 atm/76 °C) causes ongoing calcite dissolution along the migration path (Fig. 3) .
While the ACF influx in scenario '11' has a pH of 4.90 (Table  2: scenario '6'), the ACF flux through the carbonate column is characterized by a slightly increasing pH up to 4.95 and finally up to 5.07 in the last cell along the P-T migration path. Here, 593 g of calcite are lost due to calcite dissolution (Fig. 3) . Figure 4 compares the modelling results from the 1DRT modelling scenario '11' with the results from '10' and '12', which consider a lower and a higher uptake of KMP into the ACF, respectively. The modelling results are presented in terms of the amounts of dissolved calcite along the ACF migration path when considering three different 'numbers of pore volumes displaced' (n = 10, 100 and 1000, respectively: indicating how often the whole pore volume of the rock column has been displaced by the ACF influx). A comparison of the results presented in Figure 4 indicates that the migration of ACF triggers continuous calcite dissolution along the P-T gradient in all three 1DRT modelling scenarios, '10'-'12'. The level of calcite dissolution along the migration path depends on: (1) the uptake of KMP (0.1, 1.0 or 10.0 mol KMP) into the ACF (in other words, on the intensity of ACF formation in the source rock); (2) the duration of ACF influx (n = 10, 100 or 1000: indicating how often the whole pore volume of the rock column has been displaced by the ACF influx); and (3) the pressure and temperature conditions along the migration path. A higher KMP content and longer periods of ACF influx (indicated by higher values of n) induce stronger calcite dissolution at P-T conditions ranging from 295 to 205 atm and from corresponding 82 to 55 °C.
Discussion of modelling results
ACF generation
Detailed hydrogeochemical field data about the ACF composition in source rocks are lacking. However, to conceptually reproduce the compositional development of ACF, our generic batch modelling is based on interactions between (1) acidity, (2) reducing agents, (3) aqueous solutions, (4) siliciclastic source rocks mineral assemblages and (5) a co-existing multicomponent gas under predefined temperature and pressure conditions (85 °C and 305 atm in the model). Our batch models consider kerogen maturation as the source for generated acidic and reducing components (CO 2 , CH 3 COOH, CH 4 and H 2 ) that are released into aqueous solutions. A degradation of oil already generated in the source rock, which would serve as an additional source for these chemical components, is not considered in our modelling.
Depending on the moles of organic carbon converted to CO 2 , CH 4 and CH 3 COOH (mass conversion of kerogen maturation), high aqueous concentrations of such organic carbon-derived carbon species (H 2 reacts with CO 2 to form additional CH 4 ) characterize the modelled aqueous solutions prevailing in source rocks. The gas co-existing with such aqueous solutions is characterized by low oxygen fugacities (log fO 2(g) ) ranging from −57.7 to −57.6 at 85 °C and 305 bar. These results from the batch modelling approach resemble the log fO 2(g) values calculated by Pokrovskii & Helgeson (1994) , and reflect the thermodynamic constraints on the generation and maturation of petroleum in sedimentary basins in terms of redox transfer reactions (Helgeson et al. 1999) .
Under these conditions, continuous KMP addition (CO 2 , CH 3 COOH, CH 4 and H 2 : released during early kerogen maturation) can lead to a total consumption of the acid-neutralization capacity of the source rock, which is initially provided by minor amounts of calcite, anorthite, albite and K-feldspar. Kaolinite and quartz form at the expense of the feldspars within the batch model reactor simulating the source rock (Fig. 1) . These modelled processes agree with the observation that carbon dioxide and acetic acid as the main acidic components of oil reservoirs can induce intense plagioclase dissolution and concurrent formation of kaolinite (e.g. in the Gullfaks oil field: Smith & Ehrenberg 1989; Ehrenberg & Jakobsen 2001) . Hydrogeochemical modelling by van Berk et al. (2009 van Berk et al. ( , 2013 quantitatively reproduced this proven alteration of mineral assemblages in the Gullfaks field, which was driven by the products of oil degradation (CO 2 , CH 3 COOH and CH 4 ).
In addition to the equilibration with quartz and kaolinite, the acidic aqueous fluids generated in the batch model also achieve the state of saturation with respect to methane and carbon dioxide gas. These gases (and also hydrogen gas) coexist with these acidic aqueous solutions. High partial pressures of CH 4(g) (237 bar) and CO 2(g) (68 bar) characterize the composition of the co-existing gas, while the partial pressure of H 2(g) (c. 10 −5 bar) is minor, even after the addition of 10 mol of KMP. Consequently, the ACF show a high concentration of dissolved CH 4(aq) (0.1 mol kgw −1 : 10 mol KMP addition). Dissolved CO 2(aq) (0.3 mol kgw −1 ) and acetic acid (0.65 mol kgw −1 ; equivalent to c. 39 g kgw −1 ) cause a low pH of about 3.1 and, correspondingly, a high acidity of the ACF at the maximum KMP addition of 10 mol (Fig. 1) . This modelled ACF composition with high acetic acid/acetate concentrations (c. 39 g kgw −1 at maximum) is similar to the high organic acid concentrations measured in oil field brines (c. 10 g kgw −1 at maximum: Seewald 2003) . Such high organic acid concentrations in oil field brines are the result of recent-subrecent oil degradation. Consequently, even higher concentrations could be expected in ACF-bearing brines that are generated by kerogen maturation and subsequent oil degradation already in the source rock. In summary, organic-inorganic interactions are driven by the products of kerogen maturation and subsequent oil degradation already in siliciclastic source and reservoir rocks (Smith & Ehrenberg 1989; Ehrenberg & Jakobsen 2001; van Berk et al. 2009 van Berk et al. , 2013 . Such organic-inorganic interactions represent the inevitable consequences of chemical thermodynamics of such systems under elevated temperature and pressure conditions; the involved hydrogeochemical reactions tend to reach (metastable) equilibrium conditions (Helgeson et al. 1993) . The fit of the observations (Ehrenberg & Jakobsen 2001) and corresponding modelling results (van Berk et al. 2013 ), regarding such organic-inorganic interactions in reservoir rocks, indicate that our generic batch modelling of ACF generation provides rough, but plausible, estimates to characterize the composition of ACF expelled from siliciclastic source rocks.
Calcite dissolution and porosity creation triggered by the migration of ACF
Calculations of calcite solubility under different temperature and pressure conditions reveal an increase in calcite solubility in the system 'ACF-calcite-CO 2(g) ' with decreasing temperature and pressure. This results from the pressure and temperature dependence of equilibrium constants, K a , of mass-action laws involved in all interacting equilibrium reactions. Although significant, the solubility equilibrium reactions of calcite ( CaCO =Ca + CO : ACF migrate along a gradient of decreasing pressure and temperature. Before entering the carbonate reservoir or at the point of entry into the carbonate reservoir rock, ACF will saturate with respect to calcite (at 305 atm and 85 °C in our model). Then, ACF further migrate into and through the reservoir reaching areas that are characterized by lower temperature and pressure conditions (e.g. 295 atm and 82 °C). Such a change in temperature and pressure causes undersaturation of ACF with respect to calcite. Consequently, calcite dissolves at 295 atm and 82 °C until calcite saturation is re-established again, although ACF were saturated already with respect to calcite at 305 atm and 85 °C. This process will be continuously repeated as long as ACF migrate within the carbonate column following decreasing temperature and pressure. In summary, continuous calcite dissolution along the flow path of ACF is the inevitable consequence of the chemical-thermodynamic behaviour of the system 'ACF-calcite-CO 2(g) ' while decreasing temperature and pressure -at least in the P-T range from 295 atm/82 °C to 205 atm/55 °C. Concurrent advective (dispersive and diffusive) mass transport controls the case-specific spatial and temporal distribution of calcite dissolution.
Such creation of porosity by ACF migration can be regarded as a spontaneous and self-propagating process. The total mass of calcite dissolved by ACF influx into the reservoir rock column (represented by the 1DRT modelling flow tube in this study) -in other words, the potential intensity of porosity creation -depends on the following factors: (1) the change in the temperature and pressure conditions along the ACF migration path; (2) the composition of the ACF influx already equilibrated with calcite; and (3) the duration of the ACF influx (corresponding to the 'number of pore volumes displaced' in the model). Starting from the assumption that the calcitic reservoir rock had an initial porosity of 10%, the creation of additional porosity can be recalculated from the amount of calcite dissolved during the time span that is equivalent to the 'number of pore volumes displaced (n)'. Porosity creation can be simply assessed by considering the 1DRT model scenario '11', a 'number of pore volumes displaced' (n = 1000) and the first of the 10 cells representing the migration path (Fig. 3) . This recalculation of porosity creation is as follows: 1.0 l of pore is surrounded by 9.0 l of calcite (pre-assigned porosity of 10%), which is equivalent to 24.3 kg of calcite; 3.295 kg of calcite is lost by dissolution (Fig.  3) . Assuming that the initial bulk rock volume remains constant without any compaction at 10.0 l (9.0 l + 1.0 l), a new pore volume of 2.22 l (1.0 l + 1.22 l, equivalent to 3.295 kg of calcite lost by dissolution) indicates that ACF migration into the reservoir rock caused an increase in reservoir porosity from initially 10% to finally 22% (n = 1000 which indicates how often the whole pore volume of the rock column has been displaced by the ACF influx). The 593 g of calcite dissolved within the last cell (scenario '11': n = 1000) (Fig. 3) is equivalent to an increase in reservoir porosity from initially 10% to finally 12%.
Taken into account that the duration of the ACF influx and also its acidity (pH and concentrations of CO 2(aq) and CH 3 COOH, which are controlled by the uptake of KMP) may range over several orders of magnitude, a broad porosity variability can be expected along the ACF P-T migration path (Fig. 4) . It may start with a gain in porosity of less than 1% (e.g. from initially 10 to 11%) and end up locally with a structural breakdown of the calcite rock matrix, especially within zones exposed to preferential and long-lasting ACF flow. Consequently, a local compaction of the reservoir rock may also result from such ACF migration.
In parallel with calcite dissolution, the outgassing of CH 4(g) , H 2(g) and CO 2(g) in the form of a fixed-pressure multicomponent gas phase leads to the replacement of aqueous pore water by free gas bubbles. Their total volume may exceed the volume of the corresponding pore water, depending on: (1) the pressure-temperature conditions along the ACF migration path; (2) the composition of ACF influx already equilibrated with calcite; and (3) the duration of ACF influx ('number of pore volumes displaced' in the model). Such a displacement of aqueous solutions by gas bubbles provides a driving force for enhanced ACF migration.
ACF-induced calcite dissolution and outgassing result from the complex interplay of several factors driving the reactive transport system to calcite dissolution. Decreasing aqueous CO 2(aq) solubility due to reduced pressure-temperature conditions along the ACF migration path leads to CO 2(g) outgassing. Increasing solubility constants of calcite along the ACF pathway from higher to lower Table 2 (scenario '6'). Circles indicate the P-T conditions. temperature-pressure seem to (over-) compensate the effects of all other processes promoting calcite precipitation (e.g. CO 2(g) outgassing). CO 2 outgassing itself is controlled by the combined and antagonistic effects of concurrent temperature and pressure decrease. On the one hand, decreasing pressure drives outgassing; on the other hand, a concurrent temperature decrease favours a higher aqueous CO 2(aq) solubility and, thereby, reduces or even overcompensates pressure-driven outgassing. Within the complex web of inorganic interactions evolving during the reactive ACF transport, calcite solubility equilibration depends on many other reactions and on their specific temperature-pressure dependence (e.g. all reactions involving H + ions and controlling pH: all reactions involving complex Ca , CO , HCO + − − and Cl − species). The key factor leading to the modelled dissolution of calcite along the modelled P-T migration path is of thermodynamic nature; this is a result of the pressure and temperature dependence of the thermodynamic equilibrium constants, K a , of mass-action laws involved in all interacting equilibrium reactions. Such thermodynamic constants are, in general and per definition, independent of kinetic effects. Thus, such kinetic effects are basically incapable of influencing the thermodynamically controls of calcite dissolution by ACF migration. Nevertheless, kinetics may affect the temporal and spatial evolution of calcite dissolution along the modelled P-T migration path. Owing to the 'purely advective character' of our 1DRT modelling approach, it ignores any explicit definition of spatial (e.g. cell length) and temporal attributes (e.g. time step length, flow velocity).
Calcite dissolution along P-T migration paths of fluids may be triggered by all types of CO 2 -bearing fluids, independent on the source of CO 2 -whether released by kerogen maturation or injected for storage.
Conclusions
The development of porosity creation in carbonate reservoir rocks due to the migration of pre-oil-phase corrosive fluids is a matter of debate in the geoscientific literature. Based on convincing evidence, Lambert et al. (2006) suggested that burial dissolution has enhanced microporosity in micritic Middle Eastern carbonate reservoirs by the influx of mixed (water-oil) corrosive fluids immediately before or during oil migration. In contrast, Ehrenberg et al. (2012, p. 224) pointed out that 'this process is implausible, however, because any excess acidity transported in the water phase would be neutralized by reaction in the conduit long before arriving in the reservoir and would in any case cause dissolution throughout the entire column height instead of only near the crest'.
The '0D' batch modelling results of ACF generation (ACF: acidic, corrosive and aqueous oil-/gas-bearing fluids) lead to the conclusion that a sufficient mass conversion of kerogen maturation can provide amounts of the thereby generated CO 2 , CH 4 , H 2 and CH 3 COOH sufficient to cause the total consumption of the acidneutralization capacity of the siliciclastic source rocks. This acidneutralization capacity could be provided, for instance, by minor amounts of calcite, anorthite, albite and K-feldspar. The resulting ACF are characterized by a pH ranging from around 5 to 3, and may also contain high concentrations of dissolved CO 2(aq) and acetic acid (aq) . These calcite-corrosive ACF co-exist with a strongly altered mineral assemblage dominated by primary and newly formed quartz plus kaolinite, as well as by a methane-and carbondioxide-dominated gas.
The results of our hydrogeochemical modelling approach prove that the migration of such ACF can trigger continuous calcite dissolution and cause corresponding porosity creation along the migration path following decreasing temperature and pressure. Calculations of calcite solubility reveal an increase in calcite solubility in the system 'ACF-calcite-CO 2(g) ' with decreasing temperature and pressure. This results from the pressure and temperature dependence of equilibrium constants, K a , of massaction laws involved in all interacting equilibrium reactions. The results of our one-dimensional reactive transport (1DRT) modelling of ACF migration through carbonate rock columns demonstrate the reasons and mechanisms of such calcite dissolution. Thermodynamically controlled chemical re-equilibration between ACF, calcite and CO 2(g) along a migration path characterized by continuously decreasing pressure and temperature conditions is the driving force for continuous calcite dissolution. During their migration, ACF may saturate with respect to calcite (SI calcite = 0: e.g. at 305 atm and 85 °C) before they reach the carbonate reservoir or at the direct entry point into the reservoir. Although saturated with respect to calcite (at 305 atm and 85 °C), a further migration of such ACF into and/or through the reservoir into areas characterized by lower pressure and temperature (e.g., 295 atm and 82 °C; within the reservoir) causes undersaturation of ACF with respect to calcite (SI calcite < 0). Consequently, such migrating ACF dissolve calcite until the saturation is re-established (at 295 atm and 82 °C). During further ACF migration under lower pressure and temperature conditions (lower than 295 atm and 82 °C), this process of '10' and '12', respectively) . Amount of dissolved calcite (g cell -1 ) along the migration path of ACF through the carbonate reservoir rock column for different 'numbers of pore volumes displaced (n)': green bars, n = 10; light-blue bars, n = 100: dark-blue bars: n = 1000.
repeated chemical re-equilibration with calcite evolves continuously. This reflects the increasing solubility of calcite in the system 'ACF-calcite-CO 2(g) ' with decreasing pressure-temperature. In consequence, ACF can preserve their calcite-corrosive character along their migration path (e.g. from 295 atm/82 °C to 205 atm/55 °C). Continuous calcite dissolution along the flow path of ACF is the inevitable consequence of the chemical-thermodynamic behaviour of the system 'ACF-calcite-CO 2(g) ' exposed to decreasing pressure-temperature -at least in the P-T range from 295 atm/82 °C to 205 atm/55 °C.
Porosity creation along the ACF migration path is not uniform: it causes highly variable porosities (Dunham & Larter 1981) . Controls for this variability are the duration and the acidity of the ACF influx, which is controlled by the intensity of in-source rock kerogen maturation. The pressure and temperature regime is an additional factor. Such processes may start with a gain in porosity of less than 1% and end up with a local structural breakdown of the calcite rock matrix.
Therefore, we conclude that the above-described reasons and mechanisms of continuous in-reservoir calcite dissolution -the continuous and thermodynamically controlled re-equilibration at decreasing pressure-temperature -provide a plausible explanation for some observations made by Melville et al. (2004) and Lambert et al. (2006) regarding porosity creation in carbonate reservoirs of the Middle East. Such a reactive mass transport process should have its greatest impact in geological settings: (1) where ACF migration is at 'direct source rock-reservoir rock contacts' (wording after Beglinger et al. 2012) ; and (2) where relatively low acid buffering capacities of source rocks prevail -preferentially in siliciclastic instead of carbonate source rocks. Nevertheless, such settings with 'direct siliciclastic source rock-reservoir rock contacts' may provide preferred conditions for porosity creation, but are not a fundamental requirement.
Our modelling results are not in contradiction (in general) to the alternative explanation from Ehrenberg et al. (2012; pp. 225 and 226) regarding porosity creation in reservoir rocks. The authors suggested that oil charging the reservoir was the carrier for entrained, dissolved acidic components, which were subsequently released to the residual water in the oil column. In such a case, acidic components of the migrating oil must have caused a flux of total acidity similar to the total flux of acidity resulting from the ACF. In other words, a multifold displacement of pore water and oil by the influx of 'new and corrosive oil' is a prerequisite for such a mechanism of porosity creation.
In summary, organic-inorganic interactions driven by kerogen maturation and subsequent oil degradation in siliciclastic source rocks lead to: (1) ACF generation; and (2) subsequently to continuous calcite dissolution in carbonate reservoirs. These processes are the inevitable consequences of chemical thermodynamics of such systems at elevated temperature and pressure conditions. The involved hydrogeochemical reactions cause a geochemical environment that approaches to, and tends to reach, (metastable) equilibrium conditions (Helgeson et al. 1993) .
Based on the thermodynamics of chemical equilibrium, hydrogeochemical modelling approaches can help to better identify and quantify diagenetic processes that are relevant for exploration and appraisal of hydrocarbon resources. The presented modelling approach contributes to support 'the theory that dissolution by acid pore water has produced significant net increases in bulk porosity' (Ehrenberg et al. 2012; p. 227 ) and follows their suggestion that 'diagenetic reactions must be constrained geochemically'.
However, the modelling results and conclusions may be transferred to optimize the reservoir engineering of CO 2 storage into carbonate rocks as calcite dissolves during the migration of aqueous CO 2 -bearing solutions along gradients of decreasing pressure and temperature.
